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Does the Antitumor Adenovirus ONYX-015/d11520 Selectively
Target Cells Defective in the p53 Pathway?
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Increased knowledge of how normal cell growth is altered
during tumorigenesis has led to the development of novel
approaches to killing cancer cells. However, the application of
novel tumor therapies, like conventional therapies, still de-
pends on there being an effective means of selectively targeting
tumors. One new approach uses an attenuated adenovirus
(Ad) that has been designated ONYX-015 (4). Originally
called dI1520 (2), ONYX-015 is attenuated by deletion of a
large part of the coding sequence for the E1b55k gene product
which, in association with another viral protein, E4ORFO6,
binds the tumor suppressor protein p53 (48, 49). This binding
to p53 inhibits p53’s transcriptional activity and causes its deg-
radation (8). ONYX-015 was reported to selectively replicate
in and kill cells with mutations in the p53 gene (4). Since
approximately half of all human tumors contain defects in the
p53 gene, ONYX-015 has the potential to be selective for many
human malignancies. It is proposed that the selectivity of ON-
YX-015 for tumor cells is due to the loss of the E1b55k-
E4ORF6-p53 interaction. The basis for this hypothesis is out-
lined below and in Fig. 1.

It has been known for many years that Ads alter cell cycle
controls (6, 7, 50, 63), presumably to maximize virus replica-
tion, and that this is dependent on viral Ela gene products (6,
51). Following infection, products of the Ela gene bind to the
cellular retinoblastoma protein (pRb) (60), which leads to dis-
placement of the E2F transcription factor (Fig. 1) (40). The
now active E2F then transactivates genes responsible for entry
into S phase (40). E2F also transactivates the p14*RF gene (3),
whose protein product binds to cellular MDM2 (42, 54), se-
questering it to the nucleolus (59). During normal cell cycling,
MDM2 regulates p53 levels through a negative feedback loop
(37). As p53 levels rise above a threshold, p53 binds to the
MDM?2 promoter, stimulating transcription. MDM2 then in-
teracts directly with pS3 to cause its degradation and conse-
quent down-regulation of MDM2. It is proposed that the result
of MDM2 neutralization by p14*R¥ is that p53 levels will rise
and may cause cell cycle arrest or apoptosis prior to comple-
tion of viral replication, thus generating an abortive virus in-
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fection. It is thought that, in order to counter this, Ads express
three other proteins: E1b55k and E4ORF6, which together
bind p53 facilitating its degradation (14), and E1b19k, a mem-
ber of the Bcl-2 family of antiapoptotic proteins (9, 43). In this
way, the virus ensures that a productive infection occurs.

If cells expressing wild-type (wt) p5S3 are infected with
ONYX-015, p53 levels will rise as there is no E1b55k-E4ORF6
complex to stimulate degradation (Fig. 1a) (14). Increased p53
should lead to cell cycle arrest by activation of the p53-respon-
sive gene p21*¥7/r? (11, 20), but p53-induced apoptosis should
be blocked, since ONYX-015 still expresses E1b19k (9, 43). It
is proposed that the resultant cell cycle arrest will prevent (or
significantly reduce) virus replication (4). In tumor cells defec-
tive in p53, cell cycle arrest should not occur and efficient viral
replication and cell lysis should ensue (Fig. 1b). Thus, ONYX-
015 should replicate and lyse pS3-deficient tumor cells with an
efficiency comparable to that of wt Ad while being strongly
attenuated in cells expressing wt p53.

The proposed model for ONYX-015’s tumor selectivity is
reliant on there being a strict link between virus replication
and cell cycle progression. However, it has been known for
some years that Ad DNA synthesis occurs independently of
cell cycle stage (12, 26, 27), and more recently, this has been
shown for E1b55k-defective viruses (12). Despite the lack of
restriction on viral DNA synthesis shown in this recent study,
attenuation of virus production was evident in cells not actively
synthesizing DNA (12), consistent with the proposed model
and with known functions of E1b55k (1, 41). However, this
attenuation was found to be independent of p53 (12).

The model also predicts that infection of wt p53-expressing
cells with ONYX-015 virus should lead to cell cycle arrest, via
up-regulation of p53 (Fig. 1a). While there is clear evidence
that p53 is induced following infection with viruses defective in
E1b55k (14) or in the E1b55k-E4ORF6-p53 complex (44, 53),
there is no evidence that cell cycle arrest occurs. Indeed, the
opposite has been shown (10, 56, 58). Disruption of pRb func-
tion, through binding of proteins such as Ad Ela, simian virus
40 large T antigen, and human papillomavirus E7, has been
shown directly to overcome a p53-dependent cell cycle arrest
(18, 35, 58). Such experimental findings are consistent with the
fact that p21"“"*! the major cell cycle target gene of p53,
inhibits the phosphorylation activities of several cyclins, all of
which function upstream of pRb (36), but they are inconsistent
with the proposed mechanism of ONYX-015 attenuation in wt
pS3-expressing cells (Fig. 1a).
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FIG. 1. Proposed mechanism of action of ONYX-015. In normal
cells (a), infection with ONYX-015 leads to displacement of E2F from
pRb by Ela and a subsequent induction of p53. Overexpression of p53
will lead to cell cycle arrest by activation of p21"“/7? while p53-
mediated apoptosis is blocked by the Ad Elb19k protein. This is
proposed to attenuate viral replication and prevent cell lysis. Con-
versely, in cells expressing mutant or no p53 or which are defective in
the p53 pathway (b), viral replication and lysis should occur.

In addition, there is now substantial evidence demonstrating
that infection with ONYX-015 results in neither selective rep-
lication nor selective death in cells with defective p53 genes.
The original studies showed that ONYX-015 replicated less
efficiently than wt Ad in cell lines expressing wt p53 (4). In cells
that were p53 defective, ONYX-015 replicated with an effi-
ciency comparable to that of wt Ad (4, 23). Similar results have
also been seen with YKL-1, another Ad with an E1b55k dele-
tion (33). However, these findings have not been supported by
other studies, in which no correlation was found between p53
status and virus replication efficiency in a large panel of tumor-
derived cell lines (13, 19, 47, 52, 56). In general, these reports
suggest that differences in ONYX-015 replication efficiency in
different cells are due to infectivity or permissiveness for rep-
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lication, rather than the p53 status of the cell (52). Consistent
with these data, cytopathic effect (CPE) analysis in a number of
tumor cell lines showed that ONYX-015 does not cause any
more CPE in p53-deficient cells than in cells expressing wt p53
(17, 23, 47). This indicates that ONYX-015 does not cause
selective death of p53-deficient cells, which contrasts with early
reports showing that cell death following ONYX-015 infection
was less efficient in wt p53 cells than in mutant p53 cells (4, 23).
It appears that differences in cell killing by ONYX-015 again
may be due to infectivity or permissiveness (52), rather than
p53 status.

Results from our laboratory have led to a different conclu-
sion again, viz., that Ads actually require wt p53 for efficient
cell death to occur (10, 17). Initial experiments showed that
only tumor cells expressing wt p53 died after wt Ad infection
(17), although viability was measured only out to 4 to 5 days
postinfection. In a subsequent study, experiments were carried
out to 10 days after infection with wt Ad and ONYX-015,
comparing the rates of death of four tumor lines expressing wt
p53 and four cell lines deficient in p53 (10). These data indi-
cated that cells with wt p53 died faster than those that were p53
defective, with little death occurring before 4 to 5 days postin-
fection in the p53-defective cells, consistent with the earlier
report. In all cases, irrespective of p53 status, ONYX-015 was
less efficient at inducing cell death, a result also obtained by
others (12, 15, 56). It was also shown, using a panel of Ad
E1b55k mutants (30), that those able to bind p53 killed cells
more efficiently than those that could not (10). We have there-
fore proposed that p53 (in complex) may actually promote
Ad-induced cell death. Although ours is the only group to have
proposed this, where there is an overlap of cell lines, the death
kinetics observed are essentially identical to those in another
study in which cells with wt p53 were shown to die faster than
p53-defective cells (12) at similar doses of virus. These data are
also supported by other work showing that p53-null cells were
not killed at all by wt Ad (34) and that E1b55k-expressing Ads
induced more CPE than those without E1b55k (61). Such data
suggest that the E1b55k-E4ORF6-p53 complex influences the
rate of cell death after Ad infection but may not be absolutely
required.

Although not all of the details are clear, most cell culture
experiments suggest that wt Ad is more efficient at killing cells
than ONYX-015, irrespective of p53 status, and moreover, wt
p53 does not appear to attenuate ONYX-015 replication. Fur-
thermore, another virus with an E1b55k-deletion, Ad338, has
been shown to replicate poorly in tumor cell lines with mutant
pS3, but it replicates efficiently in a tumor cell line with wt pS3
and in a normal lung fibroblast line (21). Such data are gen-
erally inconsistent with the proposed model for tumor selec-
tivity by ONYX-015.

In vivo experiments in which human cancer cells were grown
in immune-deficient mice (xenografts) have provided some
support for the selective destruction of p53-deficient tumor
cells by ONYX-015 (4, 24, 46, 57). However, where the com-
parison has been made, wt Ad (4, 57) or viruses with E1b55k
(61) were more effective than ONYX-015. Such data are rem-
iniscent of the studies in tissue culture and again indicate that
the differences in tumor growth reduction may be simply a
consequence of virus infectivity or permissiveness. Although in
the above-mentioned studies (4, 24, 46, 57) little effect on the
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surrounding normal tissues was evident, this is most likely due
to the fact that human cells are several orders of magnitude
more susceptible to infection by human Ads than are mouse
cells surrounding the xenograft (63).

A recent report (45) attempts to explain some of the exper-
imental inconsistencies of the model. These new data show
that loss of the p53 regulatory protein, p14*®F, facilitates ON-
YX-015 replication but has no effect on wt Ad and that loss of
p14°RF expression is a common feature of tumor cells (45, 54).
The implication of this observation is that in all (or most)
tumors or tumor-derived cell lines, there is a defect either in
pS3 itself or in the pS3 pathway. If true, this would seem to
account for the ability of ONYX-015 to replicate in tumor cells
with wt p53 (12, 47, 56), as all tumor cells must be effectively
defective in the p53 response to Ad infection. If the new model
is correct, then lack of cell cycle arrest after infection of wt
pS3-expressing cells by ONYX-015 (10, 56) is simply explained
by the pS3 pathway being defective. Thus, there would be no
attenuation of virus replication in such cells. By contrast, in
normal cells, such as primary cells in culture and normal tissue
surrounding a tumor, ONYX-015 would be attenuated as out-
lined above and in Fig. 1a.

Despite this new information and modification of the model,
not all of the deficiencies of the original model are explained.
The fact that p21*¥?/*! functions upstream of pRb to induce
cell cycle arrest is not addressed and remains a fundamental
problem, as the proposed mechanism of attenuation of ONYX-
015 in normal cells depends on this occurring. Thus, if ONYX-
015 infects a normal cell, Ela would bind pRb, thereby bypass-
ing the p21"¥"*r! checkpoint, and no cell cycle arrest would
occur. Hence, even in normal cells, it is not clear how the
attenuation of ONYX-015 would occur. Moreover, when sev-
eral primary human cells were examined, it was found that
there was no greater attenuation of ONYX-015 in the primary
cells than in a panel of tumor-derived cell lines (47). The lack
of a clear relationship between ONYX-015 replication and cell
cycle progression (26, 56) also remains a problem for the pro-
posed model.

The argument suggests that in cells which have defective
p14°RF following infection, disruption of pRb by viral proteins
such as Ela will have no downstream consequences because
the pathway is nonfunctional (45). Hence, cell cycle arrest or
apoptosis will not occur. However, there is evidence that Ela
can activate p53 independently of the pRb pathway (5, 16, 45).

Additionally, if p14*RF is deleted, then MDM2 should be
constitutively active, leading to degradation of p53. Thus,
p14~RF_defective cells should not express p53. However, this is
clearly not the case (45). In order to avoid this, such cells must
also have a defect in MDM2, which has yet to be demon-
strated. Even if there is a defect in MDM2 function, then far
from being inactive, p53 should be permanently up-regulated
and may therefore be activated. Significantly, transactivation-
competent p53 proteins have been demonstrated in several wt
pS3-expressing tumor-derived and transformed cell lines (29,
47).

Results from clinical trials show some considerable potential
in the use of ONYX-015 as a cancer therapy (4, 22, 23, 25, 31,
32, 39) and phase III trials are imminent. However, the results
are probably not as good as anticipated. As a single agent,
ONYX-015 treatment of head and neck cancers results in
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some degree of tumor regression in most cases, but the effect
appears to be refractive once treatment is ceased (39). In
contrast, combination therapy using both ONYX-015 and cis-
platin plus 5-fluorouracil shows much more promising results
than either agent alone in the treatment of head and neck
cancers (31, 32) and ovarian carcinomas (22). This is supported
by a report showing that ONYX-015 works synergistically with
chemotherapeutic agents in lung cancer cells (62). In the clin-
ical setting, the order in which the virus and chemotherapeutic
agents are delivered is important: ONYX-015 treatment prior
to or at the same time as chemotherapy is the most successful.
It could be that the virus in some way renders tumor cells more
susceptible to the chemotherapeutic agents. Nonetheless, re-
sults from single-agent trials show that there is little or no virus
replication in surrounding normal tissue (39), implying that
ONYX-015 is attenuated in normal cells.

But, how does ONYX-015 attenuation occur? If the evi-
dence discussed above is correct, then attenuation of ONYX-
015 in normal cells cannot be dependent on a functional p53
pathway as proposed. However, it is possible that the model is
correct but that the contradictory evidence derives from exper-
iments using artificial systems which are far from relevant to
the clinical setting. For example, primary cell cultures, the
closest approximation there is to normal cells, might also con-
tain some of the same defects that are present in tumor-de-
rived or transformed cell lines, such as a defect in the p53
pathway. Such cells have been selected for survival and growth
in tissue culture, albeit short-term, which is a very different
environment from that which exists in vivo. If so, then new
experimental systems may need to be established to be able to
test the model properly.

If, on the other hand, one accepts that the weight of avail-
able evidence suggests that ONYX-015 is not attenuated by
p53, then a new model needs to be developed. Most of the data
are consistent with the interpretation that both virus growth
and cell death are not strictly dependent on p53 status but vary
according to how permissive or infectible the different cell
types are for Ads. The attenuation therefore would be due to
the functional defect in the virus due to the absence of E1b55k
(1, 41). This explanation, however, makes no fundamental dis-
tinction between normal and tumor cells, implying that the
efficacy of ONYX-015 as an antitumor virus would vary dra-
matically according to the tumor type and the nature of the
surrounding tissues. The evidence that ONYX-015 may have
some applicability as a selective antitumor virus suggests, how-
ever, that there must be another level of attenuation in normal
cells. One likely explanation for this comes from a recent study
which has shown that the human coxsackievirus and Ad recep-
tor (hCAR) (55) is important in efficient Ad infection (38).
hCAR has been shown to be expressed at a high level in tumor
cells whereas the only normal cells it is expressed in are basal
epithelial cells (28); thus, the majority of normal cells are
unable to be infected.

If ONYX-015 is to fulfill its current promise as a tumor
therapy, then it is important to understand how it kills cells and
how it is (if it is) selective for tumor cells. Only in this way can
one be sure of its ability to discriminate one cell type from
another. Clearly, there is much more work to be done.
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